The chemokine RANTES is a chemoattractant and activating factor for T lymphocytes. Investigation of the signal transduction mechanisms induced by RANTES in T cells revealed tyrosine phosphorylation of multiple protein species with prominent bands at 70-85 and 120-130 kD. Immunoprecipitation and Western analyses revealed that a protein of 125 kD was identical to the focal adhesion kinase (FAK) pp125 FAK. R.ANTES stimulated phosphorylation of FAK as early as 30 seconds, and immunoblots using antiphosphotyrosine monoclonal antibodies revealed that there was consistent phosphorylation of a 68-70 kD species in the pp125 FAK immunoprecipitates. Immunoblotting and kinase assays showed this to be two separate proteins, the tyrosine kinase zeta-associated protein (ZAP) 70, and the focal adhesion protein paxillin. These results indicate a potentially important role for RANTES in the generation of T cell focal adhesions and subsequent cell activation via a molecular complex containing FAK, ZAP-70, and paxiltin.
C
hemokines are a growing family of small molecular mass proteins (8) (9) (10) (11) (12) (13) (14) (15) (16) kD) that were originally classified based on the conservation of a four-cysteine motif and on their ability to cause the directed migration ofleukocytes in vitro (1) (2) (3) . R_ANTES, originally characterized as a potent chemoattractant of memory T lymphocytes and monocytes (4) has also been shown to have a role in the biology of eosinophils and basophils (1) (2) (3) . In addition to its T cell migratory activity, some reports detail R.ANTES-stimulated adhesion of T lymphocytes to endothelial monolayers and purified adhesion molecules (5) (6) (7) . Most recently, RANTES has been demonstrated to activate T lymphocytes in an antigen-independent fashion (8) .
The activation signals for T lymphocytes after stimulation by chemokines have not been well defined. The nature of the R.ANTES receptors on T cells and signal tranduction machinery engaged by this chemokine have not been extensively detailed. Recent evidence has demonstrated a role for G protein-dependent calcium influx and protein tyrosine kinase (PTK)-induced signal transduc-,ion pathways (8) , as well as potent stimulation ofphospholipase D activity (Bacon, K.B., and T.J. Schall, manuscript in preparation). The activation of adhesion in leukocytes has been shown to involve members of the family of both [31 and [32 integrins (9, 10) . In fibroblasts and smooth muscle cells, the regulation of intracellular focal adhesion complexes and their interaction with or talin, and vinculin of the cytoskeleton has also been given much attention with respect to adhesion, cell migration, and cell structure control (11) (12) (13) (14) (15) . Recent studies have centered on the focal adhesion kinase (FAK) 1 protein pp125 rAK since this protein has been localized in focal adhesions with actin bundles after receptor-mediated activation of cell shape change or reorientation (12) (13) (14) . FAK is also autophosphorylated and capable of phosphorylating SH2 domain-containing proteins which it may bind (16) (17) (18) (19) (20) , potentially localizing numerous signal transduction components to a specific cytosofic compartment. This phosphorylation of associated proteins serves to increase their kinase potential, and in some cases, to bring other proteins into the macromolecular complex.
One report has demonstrated a functional coassociation of the newly identified FAK B with the T cell tyrosine kinase zeta-associated protein (ZAP) 70 (21) . ZAP-70 tyrosine kinase has been shown to be a fundamental component of the signal transduction apparatus involved in the activation ofT cells after antigen receptor ligation. ZAP-70 binds via its SH2 domains, to the phosphotyrosine m the immunoreceptor tyrosine-based activation motif (1 FAM) domains of TC1L 3', 8, e, and ~ in a process catalyzed by p56/ok or p59 fy" (22) (23) (24) (25) (26) . This molecular association results ~ Abbreviations used in this paper: ECL, enhanced chemiluminescence; FAK, focal adhesion kinase; HA, herbimycin A; ITAM, immunoreceptor tyrosine-hased activation motit~ ZAP-70, zeta-associated protein 70.
in phosphorylation of tyrosine in the kinase domain of ZAP-70 by the Ick orfyn kinases, and ultimately results in activation of, among other substrates, phospholipase C y and vav.
To investigate 1KANTES-induced T cell activation at the molecular level, we have attempted to characterize signal transduction events that may subserve the migratory and adhesive functions. In this report, we demonstrate that P, ANTES induces homotypic adhesion of an antigen-specific human CD4 * T cell clone. This adhesion response is measurable as early as 10 min and maximal after overnight stimulation. Moreover, the response is associated with tyrosine phosphorylation of multiple protein species but can be abrogated by the tyrosine kinase inhibitor herbimycin A (HA). The phosphorylation ofppl25 FAK in vitro, as well as stimulation of its kinase potential, is one of the earliest events occurring after P, ANTES stimulation. Interestingly, immunoprecipitates from cells stimulated with P, ANTES reveal that the chemokine induces a functional molecular complex consisting of FAK, paxillin, and ZAP-70.
Materials and Methods
Cells. Studies were performed with a CD4 + (Th0) tetanus toxin-specific T cell clone (27) . Cells were grown in culture as described, however, before assay for phosphorylation, they were starved of IL-2 and serum (0.5% serum used) for at least 48 h. Cells were stimulated with increasing concentrations of human recombinant RANTES or PBS alone, (R&D Systems, Inc., Minneapolis, MN) for up to 24 h after starvation before lysis for biochemical analyses.
Antibodies. TCR-mediated stimulation of cells was performed using anti-CD3 antibody (UCHT-1, IgG1; Sigma Chemical Co., St. Louis, MO). Murine isotype-matched control (IgG1) was also obtained from Sigma Chenfical Co. mAbs to pp125 pA~" (mAb 2A7, IgG1), ZAP-70 mAb (2F3.2, IgG2a), and antiphosphotyrosine (4G10), were obtained from Upstate Biotechnology, Inc. (Lake Placid, NY). The rabbit polyclonal antiserum BC3 (anti-pp125 j~*') was kindly provided by I)r. J.T. Parsons (University of Virginia, Charlottesville, VA). Rabbit polyclonal antiserum STL91 (anti-TCR_-~) has been previously described (28) and mAb to paxillin (Z035, IgG1) was obtained from Zymed Laboratories Inc. (South San Francisco, CA).
hnmunoprecipitation and Immunoblotting. After stimulation (human rRANTES, or cross-linked mAb to CD3), starved cells were rapidly centrifuged to remove excess agonist. The pellets were lysed in lysis buffer (1% NP40, 50 mM Tris-HC1, pH 8.0, 150 mM NaCI, 0.25% deoxycholate, and 5 mM EDTA) containing protease and phosphatase inhibitors (1 mM PMSF, 10 Ixg/ml aprotinin, 10 Izg/ml leupeptin, 1 mM sodium orthovanadate, 1 mM EGTA, 100 btM [3-glycerophosphate, 10 mM sodium fluoride, and 1 mM tetrasodimn pyrophosphate) for 15 min on ice with periodic vortexing. After lysis, the samples were centrifuged and the superuatants were either used immediately or fiozen at -70~ before assay. Protein concentration of the lysates was assessed using the BCA reagent kit (Pierce Chemical Co., R.ockford, [L) according to the manufacturer's instructions. Whole phosphotyrosine analysis was performed with each sample by SDS-PAGE on 1(1% gels (NOVEX, San Diego, CA). Protein was immunoprecipitated from the lysate (100 big total protein) and nnmune complexes (2 h, 4~ with constant rotation) were captured with species-specific, agarose-coupled anti-lgG (10 txl; Sigma Chemical Co.) for 2-18 h at 4~ with constant rotation. The immunoprecipitates were washed three times with excess lysis buffer, then resuspended in Laemmli sample buffer before electrophoresis.
Samples from all gels were transferred to activated Immobilon pTM membranes (Millipore Corp., Bedford, MA) and nonspecific sites were blocked with block buffer (5% BSA in Tris-buffered saline [ Immune Complex Kinase Assays. Inmmne complex kinase assays were performed according to published methods analyzing the intrinsic kinase activity of pp125 vA/" or the ability of imnmnoprecipitated pp125 f'AK or ZAP-70 to phosphorylate the substrate (poly:Glu,Tyr [1:4] ; Sigma Chemical Co.). In all instances, protein was inmmnoprecipitated from lysates as outlined above, washed twice in lysis buffer, and once in kinase assay buffer (2{) mM Pipes, pH 7.2, containing 5 mM each of MgC12 and MnC12).
Kinase assays to assess phosphorylation were performed by addition of 10 b~Ci y-I32p]ATP (6,000 Ci/mmol specific activity; Amersham Corp.) for 20 min at 30~ After assay, the immune complexes were washed to remove excess radioactivity and analyzed on 8% SDS gels (NOVEX). After electrophoresis, the bands corresponding to pp125 rA~ and ZAP-70 were localized, excised from the gel, and the radioactivity quantitated by liquid scintillation counting.
hnmune complex kinase assays were also performed to assess the ability of immunoprecipitated pp125 vA~" or ZAP-70 to phosphorylate an exogenous substrate, poly:Glu:Tyr. Immunoprecipitations were performed as outlined above. Washed immune complexes were resuspended in kinase buffer containing 10 txCi ~-[32p]ATP, 5 mM ATP, and 0.4 nag poly(Glu:Tyr) according to published methods (17) . After a 20-min incubation at 30~ the supernatant was removed from the innnune complex and the poly(Glu:Tyr) precipitated with 10% cold TCA. The supernatants were removed and the incorporation of radioactivity in the precipitates was assessed by liquid scintillation counting.
Results

RANTES Stimulation of Cell Adhesion.
Cells were starved of IL-2 and serum to render them quiescent. After 48-h starvation, levels of IL-2R. were reduced and cytokine production (IL-2, IL-3, IL-4, IL-5, IFN-y, and GM-CSF) was below detection limits of ELISA assay (Bacon, K.B., unpublished data). Fig. 1 A shows the morphology of cells in the quiescent state. P,.ANTES (0.1-100 nM), when added to the cells for up to 24 h, had no effect on the survival or activation of the T cells (n = 3, data not shown; 8). However, at a concentration of 1 /,zM, RANTES induced profound changes in the activation of the T cells. Fig. 1 , B-E shows that RANTES not only maintained the survival of the cells in serum-and lL-2-free culture, but stimulated progressive homotypic adhesion of the cells. This phenom- 
RANTES Stimulates Phosphorylation of Multiple Intracellular Proteins in the Antigen-specific T Cell Clone.
Initial experiments were performed to investigate signal transduction occurring after RANTES-induced homotypic adhesion in the T cell clone. In numerous experiments, using the concentration of R A N T E S that induced homotypic adhesion, Western blots of whole cell lysates stained with antiphosphotyrosine antibodies revealed intensly stained bands in two main areas of the gel, 50--75 and 120-130 kD, as early as 30 s and up to 5 min. Fig. 2 shows a representative blot where maximal phosphorylation was observed at 5 min. Interestingly, the pattern of phosphorylation observed closely parallelled that induced by stimulation of the clone with antibody to CD3 (Fig. 2, lane 3) . There was no stimulation of the cells with PBS alone or isotype-matched IgG as a control for the o~-CD3 (Fig. 2, lanes t and 2) and pretreatment of the T cell clone with HA (2 IxM) completely inhibited the phosphorylation induced by R A N T E S (lane 8).
RANTES Induces Phosphorylation of T Cell pp125 r~x.
To test whether the stimulation of adhesion receptors or focal adhesion complexes accompanied the increase in homotypic adhesion observed in response to R A N T E S , studies were performed to define the phosphorylated proteins at 120-130 kD. Fig. 3 shows that mAb to pp125 FA~: immunoprecpitated a phosphorylated species that migrated on gel in a similar fashion to that observed with the phosphotyrosine antibody blot of whole celt lysates. Surprisingly, phosphotyrosine blots of the immunoprecipitated pp125 uA;" consistently revealed additional bands including species of 70 kD. In all cases, there was no immuoprecipitation by nonspecific control antibodies (mouse anti-human IgG; data not shown) and levels of pp125 FAx in each lane were equivalent as assessed by parallel immunoblots (not shown).
pp I 25 yAK Antibody Coimmunoprecipitates Paxillin and the T
Cell-specific Kinase ZAP-70. Phosphoprotein pp125 FAK participates in the formation of focal adhesions during cytoskeletal reorganization in cell motility and adhesion. In addition to pp125 ~Ax, focal adhesions are characterized by the presence of ot-actinin, vinculin, talin, and paxillin (14, 15, (29) (30) (31) . W e therefore sought to define if any of these proteins coimmunoprecipitated from the lysates using antipp125 eA/< antibody. Fig. 4 A shows results from a representative experiment using anti-FAK antisera. After electrophoresis of immunoprecipitated proteins, Western blots were stained with antipaxillin antibody, and as controls for 68-70 kD proteins, anti-p72 ~yk, anti-ZAP-70, and antip70S6k. ", In RANTES-stimulated cells, paxillin comamunoprecipitated with the FAK complex (Fig. 4 A) . Levels of paxillin were slightly increased between 1 and 5 min R A N T E S stimulation. Surprisingly, the kinase ZAP-70 was also found in the FAK immunoprecipitates (Fig. 4 A) but not p72 ~yk or p70 s6k (not shown). Levels of ZAP-70 appeared to remain constant, independent of the nature or length of time of the stimulus.
To confirm these results, reciprocal imnmnoprecipitations were performed using specific paxillin and ZAP-70 mAbs. Fig, 4 B demonstrates that FAK and ZAP-70 were present in these complexes. Reciprocal immunoprecipita-tions using anti-ZAP-70 mAb (Fig. 4 C) show that paxillin, ZAP-70, and pp125 ~AK may preexist in a complex even in the absence of P,.ANTES stimulation, but that the levels of pp125 yAK phosphorylation within this complex change markedly after stimulation with the chemokine.
RANTES Stimulates Kinase Activity of pp125 FAK.
Kinase assays were employed to characterize the molecules in the macromolecular complex. Complexes were immunoprecipitated using either mAb to pp125 yAK or ZAP-70; the immune complex was then incubated with y-[32p]ATP alone or in conjunction with the exogenous substrate poly(Glu:Tyr).
Phosphorylation of pp125 FAK immunoprecipitated by FAK mAb was measurable as early as 30 s, becoming maxi-
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Bacon et al. . FAK was immunoprecipitated from whole cell lysates as described using mAb 2A7. After SDS-PAGE using 8% gels and 100 I-~g protein per lane, Western blots were stained with 2A7 (antipp125FaK), antipaxillin, and anti ZAP-70 mAbs as indicatec. Stained species were revealed using ECL reagent as described. (B) P, eciprocal immunoprecipitations using mAb to paxillin. Experiments were performed as described in A except tha~ mAb to paxillin was the immunoprecipitatirg antibody. (C) Reciprocal immunoprecipita tions using mAb anti-ZAP-70. mal at 5 min (Fig. 5 A) . Little if any incorporation of labeled phosphate into FAK was observed after 5 rain. Anti-CD3 stimulation also appeared to be suboptimal for FAK phosphorylation, mirroring results obtained in Western analyses. Similarly, in FAK immune complexes, there was incorporation of 32p into ZAP-70, being measurable at 30 s and maximal after 2-5 rain (Fig. 5 B) . Reciprocal i m m u n oprecipitates showed increase:l phosphorylation in ZAP-70 and FAK after 30 s and maximal by 2 rain (Fig. 5 , C and D, respectively). As both pp125 FAK and ZAP-70 function as kinase enzymes, experiments were performed to confirm this potential and the specificity of the immunoprecipitations. Immune complexes obtained using anti-pp125 r mAb were Immune complexes were then used for kinase assay as described and after electrophoresis the ban& corresponding to pp 1251:~*" or ZAP-70 were excised from the gel. Incorporation of radioactive phosphate was assesed by liquid scintillation counting.
capable of phosphorylating the exogenous substrate with rapid kinetics (maximal at 1-min RANTES stimulation). The level of phosphorylation was greater than threefold background (Fig. 6 A) . In contrast, there was little if any significant phosphorylation by the anti-ZAP-70-derived immune complexes during the first 2 min of RANTES stinmlation. Maximal phosphorylation occurred at 10 min after RANTES stimulation (Fig. 6 B) .
RANTES-induced Partial Phosphorflation of TCR-~.
The activation of the T cell-specific kinase ZAP-70 by RANTES implied a mechanism that employs components of the TCR. Since ZAP-70 is known to preferentially associate with the phospho-ITAMs of TCR-~, we analyzed the phosphorylation of this polypeptide after stimulation with R_ANTES. Immunoprecipitates were performed using mAb 4G10 (antiphosphotyrosine) followed by staining Western blots with the { chain polyclonal antisera. Fig. 7 demonstrates the levels of phosphorylation of TCR-{ by cross-linked anti-CD3 or RANTES. The concentrations of agonist used were equivalent to that inducing homotypic adhesion and the proliferative activity observed in earlier studies (8) . Anti-CD3 caused phosphorylation to higher molecular weight species of TCR-{, represented by the band shift (Fig. 7, lane 3) . In contrast, whereas RANTES 
R A N T E S R A N T E S
Imnmne complexes immunoprecipitated with the same antibodies were also used in kinase assays to phospborylate exogenous enzyme. The immune complexes were added to the reaction buffer containing radiolabeled phosphate and exogenous substrate poly(Glu:Tyr). Optimal conditions dictated 20-inin incubation with exogenous substrate. Supernatants were then removed to separate substrate from immune complex and the poly(Glu:Tyr) was precipitated with cold TCA. Phosphorylated substrate was then assessed by liquid scintillation counting. phosphorylated T C R -{ to levels slightly above those from unstimulated cells, this chemokine failed to hyperphosphorylate T C R -{ to a level similar to a n f -C D 3 (Fig. 7, lanes 4-8) .
D i s c u s s i o n
W e have attempted to define, at least in part, the signal transduction mechanisms induced by R A N T E S in the stimulation of T lymphocyte homotypic adhesion. W e have demonstrated that an immune modulator distinct from antigen is capable of promoting activation o f the machinery to assemble focal adhesion macromolecular cornplexes and induce homotypic adhesion. In dissecting this phenomenon, we have shown that FAK-containing complexes immunoprecipitated from T cells stimulated by R A N T E S demonstrate a rapid upregulation of pp125 FAK activity, typified by its phosphorylation and its capacity to phosphorylate the exogenous substrate poly(Glu:Tyr). The kinetics of phosphorylation measured in these experiments suggest an important role for R_ANTES in the activation of kinase enzymes responsible for both T cell activation and cytoskeletal control. Western blot analyses revealed early phosphorylation patterns on FAK and ZAP-70, with slightly slower kinetics for paxillin. This pattern was mir- rored by the phosphorylation kinetics measured by 52p incorporation. Whereas we postulate that autophosphorylation of FAK is occurring, it is possible that the additional, as yet uncharacterized, bands in the FAK immunoprecipitates (50-70 kD) may have contributed to the phosphorylation of pp 125YAK. Analyses of the phosphorylation of the exogenous substrate poly(Glu:Tyr) however, demonstrated rapid 32p incorporation induced by the FAK immunoprecipitates but slower incorporation induced by ZAP-70 immunoprecipitates. This slower kinetic may be indicative of the need for ZAP-70 to be optimally phosphorylated before exhibiting maximal kinase activity. Alternatively, there may be less FAK in the ZAP-70 immunoprecipitates resulting in a slower rate in achieving maximal kinase activity. One hypothesis suggests that the level of phosphotyrosine indicated by Western analysis may simply not reflect the efficiency ofkinase activity.
It has been well characterized that paxillin can bind to or associate with pp125 FAK either directly or indirectly (14, 15, 32, 33) . Direct binding occurs at a COOH-terminal site proximal to the focal adhesion targeting (FAT) site, whereas indirect binding occurs by paxillin binding through SH3 domains to a SH2-containing kinase such as c-src. (20) . In a similar manner to Hildebrand et al. (32), we demonstrate that FAK and paxillin exist as a preformed complex. In our hands there was slight upregulation of phosphotyrosine content of paxillin in the T cell clone when stimulated with RANTES. This protein binds vinculin and metavinculin (molecular mass of 150 kD) and most likely functions in cell structural control. Recent data have emerged to demonstrate that paxillin, which itself has no known enzymatic activity, binds to a class of proteins known as the adaptor proteins. This group of proteins includes members such as Crk. Crk contains one SH2 and two SH3 domains and is known to bind the guanine nucleotide exchange factors C3G and SOS, through the SH3 domains (34) . Crk is also known to participate in the phosphorylation of a p130 (p130 ~s) substrate in oncogenically transformed cells through its association with the cAbl protooncogene (35) . Tyrosine phosphorylation of p130 "a~ is a consistent finding after integrin-mediated cell adhesion to extracellular matrix (36) . Cas contains 15 possible SH2 binding sites, an SH3 domain, and regions of proline-rich domains likely to function as SH3 binding sites (37) . Interestingly, we observed the appearance of a tyrosine phosphorylated protein of ~130 kD (Fig. 2) in RANTEStreated cells. If this molecule represents p130 ca~, it may function as an adaptor protein to bring various signal transduction components together at the focal adhesion. Therefore it is conceivable that paxillin functions as a potential kingpin in the assembly of multiple signal transduction components within a focal adhesion site. In support of the idea for focal assembly of signal transduction components, it has also been shown that FAK binds the adaptor protein Grb2 (38) , and we have found that FAK immunoprecipitares coimmunoprecipitate the small GTP-binding proteins p21rho and racl (Bacon, K.B., G. Aversa, J. Carballido, J.
de Vries, and T.J. Schall, manuscript in preparation) in both normal peripheral blood T cells and another antigenspecific T cell clone. That this macromolecular complex mediates a single function is unlikely. The assembly of signaling molecules involved in the potential activation of the tyrosine kinases, the Ras/mitogen-activated protein kinase (MAPK) and calcium homeostasis pathways, indicates that the stimulation of T lymphocytes by RANTES induces a full program of growth and differentiation, and not simply the regulation of adhesion mechanisms.
It is intriguing that the FAK complex also contained the T cell-specific kinase ZAP-70. Whereas the association of FAK and ZAP-70 appeared to be preformed in a similar fashion to paxillin, there was an increase in the phosphotyrosine content of the ZAP-70. The association of FAK, as opposed to FAK B, and ZAP-70 is in contrast to the results ofKanner et al. (21) . The differences obtained in these two studies may represent important features of the cells used. The phosphorylation of ZAP-70 is critical for the activation of the kinase potential of this molecule. Our data demonstrate fairly rapid phosphorylation kinetics of ZAP-70, but much slower phosphorylation of exogenous substrate poly(Glu:Tyr) (Fig. 7) . Fig. 4 shows that ZAP-70 inmmnoprecipitates FAK. However, the maximal kinase activity is less than that observed from the FAK immunoprecipitates, thus the low concentration of FAK in the ZAP-70 immunoprecipitates may account for the slower kinetics observed in phosphorylation of exogenous substrate.
The association of ZAP-70 with the macromolecular complex and its activation implies an important role for RANTES in the antigen-independent activation of the T lymphocyte. These findings also beg the question of whether ZAP-70 becomes activated according to standard mechanisms or by components within the FAK macromolecular complex. Phosphotyrosine immunoblots of TCR-r in this T cell clone indicate that concentrations of anti-CD3 antibody that induce proliferation and homotypic aggregation can augment the amount of phosphorylated chain, whereas concentrations of RANTES that have similar effects, fail to increase phosphorylated TCR-~ to similar levels ( Fig. 7) , nor is there any hyperphosphorylation at lower concentrations (10-9-10-7 M) of RANTES (Bacon, K.B., unpublished data). These results infer the possibility that RANTES is capable of inducing the activation of ZAP-70 at high concentration by making use of the basal level of phosphorylated ~ and are supported by the presence of coimmunoprecipitated ZAP-70 from RANTESstimulated clones in experiments using anti-{ antisera (Bacon, K.B., unpublished data). This activation phenomenon may be sustained and/or augmented by assembling numerous signal transduction molecules in, for example, a focal adhesion complex formed by adhesion receptors cocapped with RANTES receptors or other surface moieties.
It is interesting to note that there was a consistant dephosphorylation of pp125 yAK and ZAP-70 after 5-rain stimulation with RANTES (Figs. 4-6 ). This raises important questions concerning the biology of RANTES as well as the potential action of protein tyrosine phosphatases in these cells. It has been suggested that there are low numbers of RANTES receptor(s) on the surface of T cells. Indeed the mRNA for CC-CKR1 (39) is present in T lymphocytes, and there is surface expression of this receptor on ~'~30~ of the cells of the T cell clone used in these studies, as measured using a specific mAb (Bacon, K.B., Szabo, M.C., K. Soo, and T.J. SchalL unpublished data). It is therefore surprising that no further phosphorylation occured even in the presence of high concentrations of RANTES over prolonged periods of time. It is unlikely that all of the RANTES was bound but it is reasonable to assume that all of the available receptors were complexed with RANTES. Thus, knowledge of the fate of receptorligand interactions will help us understand why no further phosphorylation was possible. This fate may be related to the trafficking and recycling of receptor-ligand complexes or the action of specific phosphatases that may be activated downstream of the kinase signals.
We previously demonstrated the proliferation-inducing capacity of RANTES which was associated with calcium flux and tyrosine kinase signal transduction qualitatively similar to that induced by anti-CD3. We have now shown a potential mechanism for this T cell activation, after homotypic aggregation, in the complexing and activation of ZAP-70 tyrosine kinase activity. It has been suggested that the partial phosphorylation of TCR-~ chain underlies the anergic state in T cells by preventing adequate recruitment of ZAP-70, as well as the inability to stimulate full kinase activity in ZAP whose SH2 domains were not structurally in an optimal configuration after ITAM binding (40) (41) (42) . The ability of RANTES to provide the framework for T cell proliferation in the absence of hyperphosphorylated TCR-{ chain therefore implies an important role for RANTES in generalized T cell activation, bypassing the requirement for specific antigen-mediated activation. This then represents an important route of activation for lymphocytes in pathologies characterized by high concentrations of RANTES but lacking obvious or/J3 or ",//8 TCR restriction.
